ics the actual reservoir process. It provides information on stability of the burn front, peak temperature expected, oxygen utilization, and amount of air needed to process a unit reservoir volume. The forward test was followed by numerical simulation to model the tube. Obtained parameters from TGA/DSC including frequency factor, activation energy and enthalpy of each reaction were implemented in the model. Simulation model properly predicted the combustion tube test. Properties of the KEM reservoir have been summarized in Table 1 .
The In-situ Combustion Mechanism
Burning some of the oil in-situ (in the reservoir) creates a combustion zone that moves through the formation toward production wells, providing a steam drive and an intense gas drive for the recovery of oil. This process is sometimes started by lowering a heater or igniter into an injection well. Air is then injected down the well, and the heater is operated until ignition is accomplished. After heating the surrounding rock, the heater is withdrawn, but air injection is continued to maintain the advancing combustion front. Water is sometimes injected simultaneously or alternately with air, creating steam which contributes to better heat utilization and reduced air requirements 4) .
Many interactions occur in this process, including distillation, pyrolysis, cracking, etc. but the accompanying drawing shows the essential elements. Figure 1 shows an idealized representation of the location of the various zones, temperature and fluid saturation distributions during the dry forward in-situ combustion process. In this figure, eight regions can be distinguished, as follow: (1) This zone is burned out as the combustion front advances.
(2) Any water formed or injected will turn to steam in this zone because of residual heat. This steam flows on into the unburned area of the formation, helping to heat it.
(3) This shows the combustion zone which advances through the formation. (4) High temperature just ahead of the combustion zone causes lighter fractions of the oil to vaporize, leaving a heavy deposit of residual coke or carbon as fuel for the advancing combustion front. (5) A vaporizing zone that contains combustion products, vaporized light hydrocarbons, and steam. (6) In this zone, owing to its distance from the combustion front, cooling causes light hydrocarbons to condense and steam to revert back to hot water. This action displaces oil, condensed steam thins the oil, and combustion gases aid in driving the oil to production wells. (7) In this zone, an oil bank (an accumulation of displaced oil) is formed. It contains oil, water, and combustion gases. (8) The oil bank will grow cooler as it moves toward production wells, and temperatures will drop to that near initial reservoir temperature.
Whereas, it is generally classified as a technique that is applicable for heavy oils because of the dramatic reduction in oil viscosity with temperature, in-situ combustion also promotes production through flue-gas drive, thermal expansion, and vaporization of lighter oils. In-situ combustion recovers oil economically from a variety of reservoir settings. It has proven to be economical in recovering heavy oil from shallow reservoirs, and lighter oil from deep reservoirs, where steam injection and waterflooding are economically unattractive 4) . It is also an ideal process for producing oil from thin formations, being most effective in 3-15 m thick sandbodies.
Theory of Auto Ignition
In planning oil recovery by in-situ combustion, one problem is how to ignite the oil contained in the formation from injection well. A proper ignition is of prime 288 J. Jpn. Petrol. Inst., Vol. 51, No. 5, 2008 importance in initiating a successful in-situ combustion process. Many different devices have been developed and employed to achieve ignition safely and efficiently. Ignition devices are divided into two categories:
(1) External heat injection, which includes electric or gas heating and hot fluid injection to supply heat mainly through the well bore to the ignition zone.
(2) Internal heat generation, which includes spontaneous ignition and chemical ignition, and generates heat completely within the ignition zone itself 5) .
Internal heat generation can be achieved by injecting an easily reacting chemical compound prior to injecting air or by initiating auto ignition in the oil formation with changing the oxygen content of the air. For auto ignition to be favoured in a well, heat generated by chemical reaction should be greater than heat lost to the surroundings 6) .
Experimental Work
A Thermal Analysis © model SDT2960 thermog r a v i m e t r i c a n a l y z e r ( T G A ) a n d a P o l y m e r i c Laboratories Thermal Science Divisions © , Model Single differential scanning calorimeter (DSC) equipped with a temperature programmer and a X-Y recorder were used to investigate the thermal characteristics of the crude oil under study.
A high-pressure laboratory combustion tube system was designed and was built to evaluate the in-situ combustion process with air and oxygen-enriched air. The combustion assembly consists of a combustion tube, high pressure jacket, heating jacket, pressure back regulator, mass flow controller, O2/CO/CO2 analyzers, and data acquisition system. The combustion tube is cylindrical stainless steel tube of 0.8255 cm wall thickness. It has a 10.0076 cm internal diameter, and is 101.6 cm long. Figure 2 shows a schematic of experimental setup.
1. Thermal Analysis Experimental Procedure
Sets of experiments for the combustion of KEM oil sample from south west Iran were carried out by thermo-gravimetric analyzer (TGA) and differential scanning calorimetry (DSC) equipments.
Several non-isothermal experiments were carried out with various oxygen concentrations in the inlet gas from 21 to 60％. The oxygen concentration was stabilized at a level measured by an oxygen paramagnetic analyzer placed before the gas inlet and also oxygen concentration in the exhaust gas of TGA was measured. The oxygen paramagnetic analyzer was calibrated by using pure oxygen and pure nitrogen. The accuracy of instrument was calculated ±1.5％. These runs were performed with KEM oil sample heated to 700℃ at a linear heating rate of 10℃/min.
2. Combustion Tube Experimental Procedure
Helium supplies charges the shell around the tube to a higher pressure than the tube in order to keep it safe, prevent any kind of leakage and reduce the net force exerted on the tube. Pure nitrogen is also used at the beginning of the test to purge oxygen from the tube and is usually injected until the system reaches the desired initiating temperature. The main gas supply is air that is used as the main injecting fluid. The injected gas passes through the linings in the mass flow controller and then to the tube and the effluent gas goes to the separator and then to the analyzing system. All the supplies are equipped with regulators and gauges. A couple of back pressure regulators are also used to maintain a certain pressure drop in the mass flow controller and the tube.
The tube is initially tested with 11031.6 kPa. The tube is insulated with vermiculite between combustion tube and shell tube. Also an insulating jacket is covered the assembly to minimize the heat loss.
The heating is made of several band heaters bounded around the tube to stabilize the temperature and an igniter that is located at the top of the tube to ignite the oil at the beginning of the test. The temperatures of the igniter and the band heaters are monitored and recorded.
Thermo monitoring system is devised to read the temperature in the tube in different locations and times.
This system includes 20 thermocouples that are connected to the computer and automatically recorded. These thermocouples are installed in a thermo well at the centre of the tube.
3. Description of Experiments
A set of TGA/DSC runs were carried out to explore the thermo oxidative behaviour of the combustion of KEM oil combustion under various oxygen contents, and the combustion/kinetic parameters were calculated from these runs. The first aim was to identify the oxidation behaviour of carbonate rock in presence of oxygen. Then, the effect of oxygen concentration on KEM oil was evaluated on kinetic parameters. Finally, kinetic parameters of KEM oil with crushed carbonate were calculated.
In next experimental set up, combustion tube test was carried out on the rock and oil of KEM field. The first aim of this experimental work was to investigate feasibility of in-situ combustion in KEM oil field. Secondly, auto ignition condition was identified by enriching air and using additives in ignition part of tube. Finally, oxygen utilization efficiency, carbon dioxide and carbon monoxide percentages in the effluent gas, cumulative recovery and temperature of each thermocouple were monitored versus time and tube distance.
As mentioned in Table 1 , KEM oil is mainly in Sarvak formation and in order to carry out the combustion test the required rock was gathered from Sarvak outcrop in the south of Iran. Table 2 shows the rock analysis of Sarvak formation. The rock was firstly crushed in three steps in the laboratory and was sieved and grains of 50 to 100 mesh size were selected for the test.
The oil was mixed with the crushed rock. No water was added and the mixture was carefully packed in the tube. At the beginning of the test pure nitrogen was injected and the band heaters were turned on simultaneously to stabilize the temperature. KEM temperature is between 50 to 80℃ according depth. Nitrogen is usually injected to purge any oxygen in the tube and avoid undesired reactions.
To reach the desire temperature, band heater and igniter set at the desire value and check with the thermocouples in the middle of well. This process takes sometimes two hours time. As the temperature reached the desired value, the system was switched to normal air or enriched air.
Combustion front then propagated downwards and was manually shut down due to safety issues as it reached the end of the tube.
Simulation of the process was conducted to model the combustion tube test by using obtained data from thermal analysis of KEM oil field.
Results and Discussion

1. KEM Oil Thermal Analysis 1. 1. Classification of Reaction Regions
Combustion of crude oil in porous media is not a simple reaction but follows several consecutive and competing reactions occurring through different temperature ranges. Generally, in order to simplify the studies, investigators 2)～4), 7) have traditionally grouped these competing reactions into three classes: (1) low temperature oxidation (LTO), (2) In most studies, there is confusion between the LTO and LTC regions. Previously, the low temperature oxidation, was believed to occur at temperatures below are often referred to as the fuel deposition reactions in the literatures, because these reactions are responsible for the deposition of "coke" (a heavy carbon rich low volatility hydrocarbon fraction) for subsequent combustion. Oil pyrolysis reactions are mainly homogeneous (gas-gas) and endothermic (heat absorbing), and involve three kinds of reactions: dehydrogenation, cracking and condensation. On the other hand, pyrolysis reaction takes place in LTO reaction. However, as can be seen in Figs. 3 and 4 , LTC occurs above 275℃ and is a combustion process since the combustion products CO and a little bit CO2 are evolved.
High temperature combustion includes fuel deposition and coke combustion reactions. It sometimes can be distinguished as two peaks: first high temperature combustion (FHTC) and second high temperature combustion (SHTC).
1. 2. Kinetic Study
Thermogravimetry and differential thermogravimetry analysis (TG/DTG) were used to study the kinetics of a chemical reaction and determine basic kinetic constants such as the rate constant, activation energy, order of reaction and frequency factor. Enthalpy of each reaction was obtained by differential scanning calorimetry (DSC). In this study a power law model, similar to that was employed by Vossoughi and El-Shoubary 9) , was used to construct oil kinetic models. In this model reaction rate is proportional to the fuel content yet to be burnt and to the oxygen partial pressure.
Reaction rate d d
Where: n, m＝reaction orders K＝reaction rate constant, kPa -1 ・min -1 Po 2 ＝oxygen partial pressure, kPa
w＝weight of oil at any point in the period, mg wi＝weight of oil at the beginning of the period, mg wf＝weight of oil at the end of the period, mg Moreover, the reaction rate constant is dependent on temperature by Arrhenius type equation
Where:
F＝frequency factor, kPa -1 ・min -1 E＝activation energy, J/mol R＝8.314, universal gas constant, J/(mol ・K) Frequency factor is directly related to rate of reaction and activation energy is defined as the minimum energy per unit mass required starting the reaction.
In order to build a kinetic model for a crude oil, it is enough to find reaction orders (n and m) in each reaction region. In this study, n and m was assumed 5) to be equal one. Using these constants and Arrhenius plot reaction parameters were calculated for an oil sample at several conditions, i.e. various oxygen partial pressures, clay content and etc. The effect of oxygen partial pressure on auto ignition temperature was investigated by Razzaghi et al. 6) .
Several non-isothermal experiments were carried out on KEM oil sample with various oxygen concentrations in the inlet gas from 21 to 60％. When the reaction temperature had reached 700℃, almost no carbon monoxide or dioxide gas was detected in the effluent line, indicating that the oxidation/combustion reactions were completed.
The produced carbon monoxide, carbon dioxide, propane and hexane concentration plotted as a function of temperature are presented in Figs. 5 to 8.
At different oxygen contents, the amount of carbon dioxide and carbon monoxide, propane and hexane produced show that low temperature combustion (LTC) reactions occurred in the range of temperature from 275 to 375℃ and the high temperature combustion (HTC) reaction between 400 to 600℃. Hexane and propane was produced mostly in first peak of HTC which leave coke residue. The carbon monoxide and carbon dioxide produced show that there are two separate HTC reactions at 400 to 475℃ and 475 to 600℃. These can Based on these runs, kinetic model for KEM oil sample was obtained. According to TGA/IR curve, different reaction zone was selected. The Arrhenius chart (K vs. 1/T) for each reaction zone (LTC, HTC) at different oxygen content was plotted. A relatively constant value for the activation energy was obtained at the different oxygen partial pressures for each reaction zone. For example, Fig. 9 shows Arrhenius plot for FHTC part of reaction. Table 3 shows the frequency factor and activation energy calculated for oil sample in different oxygen partial pressure. The TGA run was ob-tained for mixture of KEM oil and crushed carbonate rock. As shown in Fig. 10 , rock decomposition was started at 670℃ with detecting CO2 by infrared. A DSC run for this sample under non-isothermal conditions at different oxygen contents was performed. It shows essentially two exothermic peaks (Fig. 11) . The first, between 275℃ and 350℃ is small and corresponds to the LTC region while the second, 450-550℃, is much more intense and is due to HTC reaction. Enthalpy of each zone was calculated by using DSC ( Table 3) .
2. KEM Oil Combustion Tube Test
Combustion tube test was carried out on KEM oil to investigate feasibility of in-situ combustion and auto ignition condition.
By analyzing the data, oxygen utilization efficiency, carbon dioxide and carbon monoxide percentages in the effluent gas, cumulative recovery and temperature of each thermocouple was monitored versus time.
2. 1. Test No. 1
A conventional combustion tube test was done on KEM oil with purging air. In this test, two different sand grain sizes were used. The rock grain size in the first 30 cm of tube was under 100 mesh size. For the other part, it was in the 50-100 mesh size range. Properties of the rock and oil are presented in Table 4 . The purpose of this run was to find out the auto ignition temperature. Therefore, the temperature was first set at 65℃, which is the average temperature of KEM oil field. Temperature was also set in band heaters and igniter at 65℃ to have isothermal temperature in sand pack. When the thermocouples monitored 65℃, the air was injected but no CO and CO2 detected. The temperature was increased step by step up to 200℃. For each step of increasing temperature, at least 2 h take time to maintain temperature in whole tube. In 200℃ temperature, LTC was initiated by detecting CO in outlet. As demonstrated in Fig. 12 , in the first part where smaller grains have been applied, higher combustion temperature was observed. This phenomenon is due to more specific area available for coke deposition and more complete combustion. The deposition of coke is an extremely important parameter during in-situ combustion process. Since coke is the main part of the fuel and usually includes all the fuel, more coke deposition will result into better combustion. As shown in Fig. 13 , the amount of coke deposited has slightly dropped at the second part. In first 150 min more coke was deposited that slightly decrease with increasing grain size. As explained before this phenomenon can be described considering the great effect of surface area of the sand on the coke deposition. calculated parameters in first part and second part for Test No. 1.
2. 2. Test No. 2
Auto ignition condition was also tested in another test. In this test the temperature was set at reservoir condition. Then air was injected and the flue gas was monitored for CO and CO2 for at least two hours. No ignition was observed during this time. At this point the air was enriched up to 60％ with O2 and the temperature was increased to 80, 100, 120, 150℃. At 150℃ the combustion was imitated. This indicates that the enrichment of air has reduced the ignition temperature at least by 50℃. Figure 14 shows the temperature profile during purging 60％ oxygen. As it is demonstrated in the figure the temperature increased in first minutes of injection. In temperature of 150℃ LTC reaction was started with producing CO and CO2. After a while fireflood was sustained with continuing 60％ oxygen injection. Calculated properties of the comb u s t i o n t e s t h a v e b e e n p r e s e n t e d i n Ta b l e 6. Comparing Test No. 1 and No. 2 demonstrated that ( Figs. 12 and 14) front temperature increased from 500 to 600℃ by increasing oxygen content.
2. 3. Test No. 3
In next run, the addition of additives on the auto ignition was investigated. A broad aspect of the invention comprises introducing via an injection well into a formation an ignition mixture that substantially is exposed of three ingredients or components having the specific functions of: (1) An initial igniting agent (2) An initiator (3) An activator.
Linseed oil, t-butylperobenzonate and cobalt octoate 10) in mentioned proportions in Table 7 were added to the sandpack to monitor the auto ignition temperature. The result of these runs has indicated that the auto ignition temperature has been reduced at least 40℃. It was observed that low temperature combustion was initiated at 86℃. It means with using this chemical additives, auto ignition happened at 86℃ with producing CO. After detecting CO, temperature has gone up to high temperature oxidation.
Temperatures in different time steps have been recorded and plotted versus distance of tube. Figure 15 shows the temperature versus distance. In this graph the position of front is illustrated. As the graph indicates combustion front has been propagating through the tube and the temperature fall at the last ones is due to the manual shut down. Table 6 summarizes calculated parameters for Test 3.
Simulation Model
Numerical simulation of the combustion process is a difficult task, since in addition to heat transfer by conduction and convection, heat generation occurs inside the reservoir. This heat generation is due to chemical reactions in the grids. The software used for simulation was STARS module of CMG (Computer Modeling Group) software.
To simulate combustion tube test, it need to have valid data input on KEM oil. KEM oil components were lumped to two components as light and heavy oil according to boiling point temperature and TGA experimental work 11) . The LTC reaction was obtained between 275 to 375℃. Component under this boiling point temperature lumped as light oil components. Then it was matched with KEM PVT experimental data. However, light oil, heavy oil, oxygen, nitrogen, water and coke was implemented in the model as component data input. Properties of each component are summarized in Table 8 .
K-values take an important role in the equilibrium between different phases. According to Kumar 12) paper to estimate K-values some correlations were applied. K-values were calculated for combustion tube pressure at different temperature 12) .
Kinetic parameters such as activation energy, frequency factor and enthalpy were obtained for mixture of KEM oil with carbonate rock was introduced to the software for each reaction ( Table 3) .
Physical shape of the model was quite similar to the experimental model. It was a one by one by 12 grid blocks. The model was assumed one-dimensional. No fractures were introduced to the model and the average permeability was 12700 md ( Table 9 ). The results of the in-situ combustion tube were predicted by simulating the combustion tube using a commercial simulator. Figure 16 shows the simulated temperature profile for test No. 1. This profile has good match with temperature and time of experiment run. The average temperature of the test was predicted by the simulation and it is shown in Fig. 17 . As indicated in Fig. 18 , after two hours of air injection by creating fire front, the oil production is started. Also, recovery factor of experimental and simulation results are properly matched.
Considering above discussion, since chemical reactions have important function in oil recovery of this method, it may conclude that the reliable kinetic model has significant effect on prediction of in-situ combustion process in reservoir conditions. In next step of study effect of fracture in carbonate reservoir will be investigated by simulation model.
Conclusions
Based on the results of this study the following conclusions are obtained: (1) There is no risk of decomposition of the carbonate Sarvak formation due to high temperatures of the process.
(2) Enrichment of the injecting fluid by oxygen increases the possibility of ignition. Ignition occurs faster than normal air combustion. Also, fire flood temperature was increased with enriching air.
(3) Use of smaller grains results in higher combustion temperature. This phenomenon is due to more specific area available for coke deposition and more complete combustion. (4) Chemical additives such as mixture of linseed oil, t-butylperobenzonate and cobalt octoate reducing the auto ignition temperature.
(5) Simulation of in-situ combustion by using accurate data, especially oil kinetic model, helps predicting the feasibility of this process in the field. 
